The Visualising Victoria's Groundwater (VVG) web portal federates groundwater data for the State of Victoria, Australia, thus making legacy data, government datasets, research data and communitysourced data and observations visible to the public. The portal is innovative because it was developed outside of the government and offers real-time access to remote authoritative databases by integrating the interoperable web services they each provide. It includes tools for data querying and 3D visualisations that were designed to meet end-user needs and educate the broader community about a normally invisible resource. The social impact of the web portal was measured using multidisciplinary research that employed survey instruments, expert reference groups, and internet analytics to explore the extent to which the web portal has supported decision making by governments, industry, researchers and the community. The research found that single access, multiple data set web portals enhance capacity by providing timely, informed and accurate responses to answer queries and increase productivity by saving time. The provision of multiple datasets from disparate sources within a single portal has changed practices in the Victorian groundwater industry.
INTRODUCTION
Groundwater is a precious resource, however because it is hidden from view, the nature of groundwater can be misunderstood by non-scientists and is often the subject of myths (Price ) . Globally, the expanding demand for groundwater to supply human consumption, energy and food production has led to groundwater resource overexploitation (Gorelick & Zheng ) with corresponding threats to environmental and ecological values (e.g. Nevill et al. ) and the sustainability of food production (e.g. Scanlon et al. ) . As a result, groundwater exploitation in many countries is regulated by statutory requirements that increasingly consider the competing economic, social and environmental needs (e. Part of the problem is the sheer range of information sources and volume of data that is available. In Australia for example, information and data on groundwater are distributed via dozens of web-portals, web-based geographic information system (GIS) tools, password protected portals, cloud storage, portable storage devices; hardcopy maps, theses, reports, newsletters, documents, videos and podcasts. Outside of the research community, this impressive resource of data, information and knowledge is largely ignored simply because most people do not have the knowledge, capability or desire to deal with the data deluge. Many people feel increasingly time-poor and even though there is a plethora of data available, there is little opportunity or desire to undertake the research required to bring available information together in ways that best answer the questions that will guide future planning for sustainable and equitable groundwater use.
To partially address these issues spatial data infrastructure (SDI) has been developed and deployed to federate groundwater data from disparate database sources into a single web portal thereby making data more easily discoverable. Globally, the Canadian Groundwater Information Network (GIN) was the initial exemplar that was developed using open geospatial standards and technologies (Boisvert & Brodaric ) . Other examples include the European Commission's INSPIRE network (Uslander ) , the United States National Groundwater Monitoring Network Data Portal (NGWMN) (ACWI ), the New Zealand SMART system (Klug & Kmoch ) and the Australian National Groundwater Information System (NGIS) (Iwanaga et al. ; BOM ). In all cases these portals are managed by the government agencies with the statutory responsibility for groundwater management.
By contrast, the Visualising Victoria's Groundwater (VVG) portal (www.vvg.org.au) was developed outside of the government by Federation University Australia (FedUni) , to federate all known groundwater data for the State of Victoria, Australia. The initial purpose of the VVG portal was to assemble datasets for university research as well as make legacy data, community-sourced groundwater information and government datasets visible to the public. The portal was launched on July 12, 2012, by the Centre for eResearch and Digital Innovation (CeRDI) at FedUni in collaboration with international and national research agencies, state government departments, regional water authorities and industry partners. It is innovative because it offers real-time access to information and data that are normally invisible to most of the community. The system seamlessly integrates data and information using international data exchange standards, federating all or parts of groundwater databases with disparate schemas and stored on disparate systems, subject to the custodians' consent. Tools for data querying and 3D visualisations were developed to assist decision making and community engagement.
Arguably the most novel aspect of the VVG research project has been in evaluating the impacts of the web portal over its initial two years of operation, through a multi- 
VVG PORTAL CONSTRUCTION AND FUNCTION
In collaboration with the project partners and stakeholders, the VVG portal was designed to include the following features:
• user requests will be fulfilled via real-time access to remote databases by integrating the interoperable web services they each provide;
• the data resides with the data managers (ensuring currency and validity);
• it has a spatial map function that is intuitive to use (similar to Google Maps);
• all forms of data are included -vector, raster, text and multimedia;
• data downloads are allowed (subject to data custodian's consent);
• spatial data entities link to the original source documents and images;
• it is capable of dynamically synthesising the data;
• interactive 3D visualisations can be created for userselected scenes;
• users can add, edit or update data (subject to quality assurance and quality control);
• the spatial data and models are credible to the user. • use open-source and standards-compliant software wherever possible;
• build upon existing collaborative software initiatives and contribute enhancements/tools back to the research community;
• ensure the flexibility of the developed system to consume data from a variety of sources so as not to interfere with existing provider work practices;
• ensure end-user tools and applications are fast, intuitive
and easy-to-use;
• software is cloud-based so there is no end-user requirement for software, updates, computation power or plug-ins. is used as the public-facing metadata catalogue for the portal.
The general systems architecture and data flows are illustrated in Figure 1 . At present the VVG portal seamlessly federates 79 datasets on Victorian groundwater from six disparate custodians.
These are as follows:
• Bore data from: (1) WMIS, containing groundwater bore data for wells drilled under the statutory licences, managed by DELWP; (2) GEDIS, containing mineral, stone and hydrocarbon exploration bores, managed by DEDJTR; (3) the salinity observation bore database managed by DEDJTR; and (4) the research bore database managed by FedUni. The latter also contains data on existing bores that are not recorded elsewhere (termed 'orphaned bores'). In total, data on over 400,000 bores have been federated.
• Groundwater spring data from the Victorian Mineral Springs Database managed by an individual researcher (Dr Andrew Shugg).
• Sites where groundwater contamination may have • Groundwater surfaces interpolated for the Victorian Aquifer Framework (VAF) including the predicted depth to water table, predicted groundwater salinity, elevation of the natural surface, elevation of the geological basement, and the structure surfaces of the 17 aquifers and confining beds that make up the state-wide groundwater systems framework (SKM ). Additional modelling was undertaken in the VVG project to derive the depth to, thickness, and bottom elevation from these structure surfaces, resulting in 68 surfaces in total.
• Seamless geology map supplied as a web service from the GSV (DEDJTR).
• Boring records in digital form from the State Library of Victoria. Where the information can be matched, the boring record is linked to the data for that individual bore shown on the map portal.
In some bore databases, such as the FedUni groundwater research database and the WMIS, additional materials such as images, documents and sketch maps may be linked to the bore data. The intention is to always provide the source documents where possible.
The website includes background information about the project, the project partners, the data sources, historical context for the data, an extensive user guide, answers to frequently asked questions, news and newsletters, a documentary video about the project, a research blog and contact details. The web portal includes a Plain English disclaimer to alert the user to the facts that the data and information may not be accurate, current or complete; is subject to change without notice; is continually being validated, enhanced and updated; and is subject to the usual uncertainties of scientific research. Hence data quality and data provenance (metadata) are issues for the data custodians. It is their data and they set the rules of service.
Tools in the map portal include the ability to select between different base layers (supplied by Google), reorder the data layers, adjust the transparency of the layers, vary the query radius for bore data, export data as Excel spreadsheets, search for a street address and search for a bore identifier. Drawing tools are also included to allow users to mark on the map and send a comment via email.
This function has been used by researchers and the general public to indicate where data may be incorrect, such as the location of a bore, and thus allow the data custodians to improve their data veracity.
Four query modes are available: a bore query that finds all the bores within a user-selected radius; an EPA data query that is used to discover the information behind a contaminated site; a query which returns the data related to a polygon on the geological map; and the ability to query the predicted depth to water table, water quality and hydrostratigraphy at any selected point. This last query effectively provides a virtual borehole log at any selected location in Victoria, based on the layers provided in the VAF. Data across these three surveys was reviewed for compatibility, analysed and cross referenced, as appropriate.
2. Individual interviews: Structured interviews were held with targeted individuals to gain subjective insights into user perceptions of service delivery, levels of satisfaction and issues of concern. This provided data that supplement and validate the other data collected for the research.
Document analysis: Program documentation (internal)
was thematically analysed to identify the synergies between the aims and the implementation of the VVG.
In addition external documents, particularly audit reports posted on-line by EPA Victoria, were analysed to gain significant insights into the role of the VVG portal as a decision making tool.
4. E-mail feedback: Feedback was collected on an ongoing basis from the inception of the VVG portal. This provided longitudinal data for the study and enabled feedback on a variety of issues (e.g. technical enquiries, service improvement, service gaps, data queries, etc.) to be gathered across the life of the project. Both email requests and responses to requests were analysed as part of this data collection method.
5. Website analytics: Time-series statistics on portal usage were reviewed through the mechanism of Google Analytics.
Data validity was ensured through a filtering process that verified only valid portal visits were included in the analysis.
Ethical approval appropriate for research involving individuals was gained from the Human Research Ethics
Committee of FedUni and principles guiding the data collection and analysis process were observed to serve the best interests of all participants at each stage of the research process (Ethics Approval Number A14-015).
Data collection for the study was contemporaneous with the VVG portal implementation as there was no capacity to undertake pre-testing due to the funded research program timelines. The benchmark survey was intended to provide the initial gauge for impact measurement, although much of the interview and feedback data also provided insights into working with groundwater data prior to availability of the VVG. Consequently, while the absence of a structured pre-testing process (resulting in no comparative data from before the VVG portal implementation) and the absence of a control/comparison group slightly reduces the rigour, the scope of data gathered in situ provides for high levels of data validity.
In particular, the mix of methods allowed cross-referencing of findings and established a process whereby issues that were not addressed or identified through one data collection method could be picked up through alternative methods. Importantly, the use of a multi method approach allows for triangulation of the methods (interview, survey, feedback, analytics and document analysis), type (qualitative cross sectional and statistical across an extended timeframe), and data source (e.g. government employees, members of community and industry and other researchers).
The resulting approach overcame many of the issues often raised in relation to data validity of qualitative case studies in research and conform to recommended strategies in data collection for effective case study research (Yin ).
The statistics for the impact assessment methods are listed in Table 1 . The approach used in the data analysis was to apply a hierarchy of impact to each pool of data. The impact hierarchy has three levels, loosely based on the concepts [end user -water authority]
Where the user understood that the VVG dynamically accessed updated information from source data bases, the rating was high, e.g. Interoperability standards … you're really leading the way in that kind of thing [end user -government].
However where the notion that remote databases were accessed in real-time was not readily understood, there were greater concerns around data reliability, e.g. The impact data analysis also highlighted that some end users remain confused around data ownership and the integrity of the datasets available through the VVG portal. There were 8% of respondents who assessed that the quality of data not useful and 14% who assessed that the data could not be trusted. Qualitative insights highlighted that some end-users misunderstood that data accuracy remains the responsibility of the data custodians rather than the VVG web portal managers, for example:
'There is not enough available geological and hydrogeological data, i.e. lithology and standing water level. There is also not enough water quality data. Also, when looking at the map, not every existing bore is represented by a dot.
This can make it a long process to ascertain the exact location of each bore and is frustrating.' [end user - The Primary Impact identifies clear alignments between the VVG study findings on access, quality and usage, with those of previous research (Table 2) , particularly in terms of:
• building community capacity through facilitating access to data that was previously not directly available;
• enhancing the capacity for decision making by providing a single point of access for facilitating sharing and ownership of information; and
• ease of information access for increased participation and education. 'I'm wondering whether it is possible to be provided with the GIS data (preferably in ESRI shapefile format, or AutoCAD) of EPA Victoria sites within the Brimbank A publicly available portal that facilitates user participation and enhanced decision making 4 Access to data (natural resource, groundwater or other types) provides a platform for public education on critical community issues (e.g.
A portal for building community and industry education around groundwater issues City Council area? Coordinates of sites that have had a 53x or 53v EPA audit should be sufficient, but if information on the sites could be included that would also be helpful.' [end user -not specified]
The steady increase in the number of requests made via VVG portal feedback for the raw data of the publicly available data indicate that they remain invisible or difficult to access for a number of end users. As a result, the VVG portal is seen as a de facto information provider and in some cases, has responded by providing web services to make the government information provision easier. The scope of these requests, and the regularity with which they are received, highlight that:
• since establishment, the VVG has become a central resource in terms of knowledge management and the provision of trusted advice on groundwater issues;
• ease of access and an open access policy plays an important role in building end user confidence in seeking information relevant to their needs;
• the VVG, through the provision of support, advice, and web services is addressing a service need not currently addressed in more traditional areas of groundwater information provision.
Further validation of the shift to Level 2 (Practice Impact) is found in the analysis of data relating to how the VVG portal is impacting on decision making, productivity gains and groundwater data integrity. A sub-set of 49 interview and survey participants, from the original pool of 142 participants, were asked to identify the extent to which information accessed through the VVG portal was used to inform decision making. There was surprising uniformity in the results, with many of the types of data assessed as similarly valuable for decision making (Figure 8 ).
For the sub-set of 49 interview and survey participants, 40 (82%) assessed the depth of data and 41 (84%) assessed that the volume of information available through the VVG was important for informing and supporting decision making. This was confirmed by the qualitative data, such as: Overall, the vast majority of participants assessed that the VVG was an important resource which provided a better basis for groundwater planning (Figure 9 ).
The analysis of overall value placed on individual data- In addition, 53 participants had specifically referred to the value of the multiple datasets in supporting accurate and timely responses, e.g.
'Being a geologist and a drilling contractor it gives us more information that we can pass onto your clients about possible water sources for bores. Also gives us some information about previous drilling and construction methods used in the area, which helps quoting etc.'
[end user -drilling industry]
'Quick provision of various datasets checking data against various sources quick source of information to help with enquiries.' [end user -not specified]
A total of 46 participants made reference to the value of the spatial features of the VVG, for example:
'The ability to see the information spatially which has been the big leap I think. Previously we could access groundwater information but as a RWA [rural water authority] we could access the information but it was slow, we would just be able to extract it as tables and we would then have to manipulate the data, plot the data, to be able to see how the levels were responding over time, or the quality or whatever it might have been and the rock types that they might have intersected if they were drilling a bore at a particular location. But again being able to see that information spatially is where the VVG has been a real benefit to our organisation and we've been able to couple that with some of the other work that's been happening at a statewide level as well so we've been mapping groundwater aquifers across the state.' [end user -water authority]
Before the implementation of the VVG portal, groundwater data were only brought together by individuals on an as needs basis, so there was less potential to systematically identify data shortfalls or duplications. However, being able to bring together a range of datasets that otherwise are not normally viewed together has provided end users with the ability to rapidly see data duplication, data shortfalls, data gaps and/or data inaccuracies in existing groundwater information. This ability was assessed as an important development by the groundwater data custodians, the industry and the community as it facilitates improved groundwater data management and enhanced data accuracy for the sector.
'The congregation of all of these disparate datasets, which have been poorly managed -and I know that VVG doesn't manage the datasets but just bringing them all together -having them all together just allows us to get a better idea of the integrity of the datasets as well … 
CONCLUSIONS
The analysis of the impact of implementing the VVG portal found that its growing use is facilitated by the ability to federate a diverse range of data, its ease of accessibility and the quality of the data. The frequency of use and repeat visitation rates testify to its value as a viable and sustainable mechanism for information access. These characteristics of the web portal are instrumental in breaking down knowledge silos and are shifting the paradigm from one of knowledge controlled by government and statutory authorities to one of knowledge ownership and control by end users.
Multiple data sets and functionality web portals such as the VVG can enhance capacity across the industry and broader community and in terms of the provision of:
• timely, informed and accurate responses to those seeking information/answers to queries;
• improved mechanisms for monitoring -both in relation to issues of compliance and in terms of maximising the potential for good outcomes and positive developments across a field of study; and,
• increased potential for economic savings as a result of productivity through time efficiencies.
The provision of multiple datasets from disparate sources within a single portal through the facility of interoperability, establishes a unique opportunity to collate, cross reference and consolidate data that has historically been hidden. This shift establishes a new foundation in accessing research-ready datasets and a new capacity for achieving research discoveries.
The VVG portal is changing practice in the Victorian groundwater sector. Positive experiences for users in accessing such a web portal is ultimately increasing end user interaction and participation in the process of collaborative data improvement, enhancing knowledge within the sector and empowering society with the value of Big Data. As the provision of diverse and complex information through the addition of multiple datasets grows, the relevance and applicability of these data provides end users with a resource to guide future planning for sustainable and equitable groundwater use.
